A broadband tunable metematerial absorber is proposed and demonstrated. As demonstrated in waveguide, the absorber consists of eight U-shaped ferrite particles and a metallic ground plane. These U-shaped ferrites directly act as resonators, and when the incident electromagnetic wave and applied magnetic field are simultaneously acting on the U-shaped ferrite particles, U-shaped ferrites can produce ferromagnetic resonance (FMR). Absorption frequency of the all-ferrite absorber can be tuned by the applied magnetic field and the saturation magnetization. Simulation results show absorption above 70% in the frequency range from 8.55 GHz to 10 GHz under applied magnetic field with H 0 = 2700 Oe. By analysis, we find that the magnetic loss and dielectric loss lead to broadband absorption. The experiment test agrees well with the simulation results under different applied magnetic fields. This work provides an alternative route to realize tunable perfect absorbers with all-ferrite structures. With the artificial design of ferrite materials, the broadband tunable absorber can be designed and well serve in high power environment.
I. INTRODUCTION
Since metamaterial absorber (MMA) was firstly reported by interest of researchers all over the world, Landy et al. [1] utilized typical three layers including periodically arranged metallic patterns, dielectric layer and continuous metallic ground plane, realizing single frequency perfect absorption at microwave frequencies. Subsequently, researcher utilized different metallic structure and realized perfect absorption at different working bands, such as microwave [1] - [6] , terahertz [7] - [9] , infrared [10] - [12] and optical [13] , [14] absorbers. But general MMAs has the absorption at some specific frequency, so the MMA with a single-band is obviously inapplicable in some areas. Therefore, many researchers have focused on dual bands [2] , [7] , [11] , triple bands [3] , [9] and quadruple-band [4] absorption. Finally, we can achieve broadband [5] , [6] and tunable absorber [10] , [14] . Grant et al. [15] put forward utilizing metal-insulator layers with differing structural dimensions, realizing polarization insensitive broadband resonant terahertz metamaterial perfect absorber. Sun et al. [16] used
The associate editor coordinating the review of this manuscript and approving it for publication was Shah Nawaz Burokur . multilayered SRRs structure to achieve almost 60 GHz absorptive bandwidth based on destructive interference mechanism. Pang et al. [17] demonstrated capabilities of the spatial k-dispersion engineering for producing the customized broadband absorption, and so on. Besides broadband MMAs, tunable MMAs are also required for various applications, so many researchers have also studied tunable MMAs [18] - [21] . Wen et al. [18] realized a tunable hybrid MMA in the microwave band. Shrekenhamer et al. [19] designed and demonstrated the electronically-tunable MMA in the THz regime. Zhao et al. [20] simulated and measured the polarization insensitive tunable MMA with varactor diodes embedded between the unit cells. However, above all MMAs all contain metallic structure as resonance cell. Metallic structure absorbers have many advantages, but thermal stability and unbearable high power are deficiencies, and in external environment metallic structure absorbers are also apt to oxidation and corrosion. So recently researchers study medium MMA, because medium MMA can overcome these deficiencies. Medium MMA includes dielectric metamaterial absorber and magnetic metamaterial absorber. For dielectric metamaterial absorber, Liu et al. [22] used two different sizes high dielectric cubes periodically embedded VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ FIGURE 1. The schematic of the tunable MMA based on U-shaped ferrite particles and the optimized dimensions of a unit cell with a = 4.9 mm, b = 3.9 mm, t = 1.6 mm, w = 1.5 mm and p = 5 mm.
into a background matrix on the metallic ground plane obtaining dual-band metamaterial absorber. Li et al. [23] made use of complex all-dielectric E-shaped structure attaining broadband absorber. Huang et al. [24] demonstrated the magnetically-biased frequency-tunable absorption by integrating a ferrite as the substrate or superstrate into the conventional planar MMA, not directly using ferrite particles as resonator. Lei et al. [25] used an array of ferrite rods and a metallic ground plane achieving single band absorption. Up to now, the broadband all-magnetic medium tunable metamaterial absorber has not reported. In this paper, broadband tunable metamaterial absorber with U-shaped ferrite structure is experimentally demonstrated in X-band microwave range. It is composed of eight U-shaped ferrites and a metallic ground plane. When both the applied magnetic field and excited electromagnetic wave are incident on the MMA, U-shaped ferrite can generate ferromagnetic resonance (FMR) resulting of perfect absorption under a certain applied magnetic field. To note that the FMR frequency is related with the applied magnetic field and saturation magnetization, design of MMA using ferrite material can lead to a convenient tunable performance by tuning different applied magnetic fields and the saturation magnetizations. Firstly, the broadband absorbing properties are simulated with the commercial software. In order to analyze the mechanism of the broadband tunable absorption, then, the electric field and magnetic field are monitored at different frequencies. At last, the absorbing properties and tunable characteristics were demonstrated by experimental measurements. This work provides new ideas and methods for future studies of tunable absorbers with allferrite particles and expands the application of conditional material.
II. MODELING AND SIMULATION
The magnetically broadband tunable MMA consists of eight U-shaped ferrite particles and a metallic ground plane as shown in Figure 1 . The ferrite is made of the yttrium iron garnet (YIG) with a loss tangent of tan δ = 0.0002, whose permittivity is 14.4 and the line-width H is 20 Oe, the saturation magnetization 4πMs is 1850 Gs. The geometrical parameters of the U-shaped ferrite are shown in Figure 1 . The unit cell of the U-shaped ferrite particle has the same dimensions of: a = 4.9 mm, b = 3.9 mm, p = 5 mm, t = 1.6 mm and w = 1.5 mm. The metallic ground plane is made of copper with the size of 22.86 mm * 10.16 mm, whose thickness is d = 0.5 mm, and the conductivity is
A numerical simulation is performed for the tunable MMA in Figure 1 with the commercial software CST Microwave Studio TM 2015, using finite-difference Frequency Domain Solver method. In order to characterize broadband tunable MMA absorption performances, the sample is placed in X-band rectangular waveguide (22.86mm * 10.18mm) system under various applied magnetic fields, which is generated by an electromagnet along the y direction. So the perfect electric conductor (PEC) conditions are used in the x and y directions in simulation, the electromagnetic wave of the transverse electric (TE) is incident along z axis, the directions of electric field and the magnetic field are along the y axis and x axis, respectively. The absorptivity can be calculated by the
where R (ω) and T (ω) denote reflectance and transmission coefficient. R (ω) and T (ω) are obtained from the S-parameters S 11 (ω) and S 21 (ω), that is R = |S 11 (ω)| 2 and T = |S 21 (ω)| 2 . Because the metal acts as backboard, which leads to S 21 is nearly zero, so the absorption is calculated as
The absorption spectrum is shown in Figure 2 with H 0 = 2700 Oe. As can be seen from Figure 2 , absorption ratios come up to 70% covering the range from 8.55 GHz to 10 GHz. In order to analyze the mechanism of the absorption, four resonant points are selected to monitor field distributions in section 3, four resonant points are marked in Figure 2 including of 8.69 GHz, 9.14 GHz, 9. 59 GHz and 9.72 GHz, respectively. The two resonant points at 9.14 GHz and 9.72 GHz are the more stronger absorption than other resonant points, the absorption rate can reach near 99.99%, the absorption rate of the other two resonant points can also reach 98%. 
III. THEORY ANALYSIS
To reveal the physical mechanism of the proposed broadband tunable MMA, the electric field and magnetic field distributions are monitored at the four resonant points. The ferrite we used belongs to a sort of special magnetic material. By interacting with the magnetic field of an incoming electromagnetic wave and the applied magnetic field, the FMR can occur in ferrite interior in given condition. Considering magnetic loss and effective medium theory, effective extraordinary permeability of the medium can be expressed approximately as [22] 
with η = a 2 p is fractional volume occupied by the cubes, F = ω m ω 0 is a proportional coefficient of ω m to ω 0 . Here, ω m = 4π M s γ is the characteristic frequency of the ferrite cubes, ω mp = √ ω 0 (ω 0 + ω m ) is considered as magnetic plasma frequency. ω 0 = γ H 0 is the FMR frequency, (ω) = ω 2 (ω 0 + ω m ) + ω 0 + ω m α is a frequency dependent dissipation loss. γ is the gyro-magnetic ratio, ω is the angular frequency, α is damping coefficient of ferromagnetic precession. Considering the demagnetizing factors, the FMR frequency can be expressed by
where 4π Ms is the saturation magnetization, H0 is the applied magnetic field, N x , N y , and N z are the demagnetization factors for x, y and z directions, respectively, demagnetization factors of the sample satisfy the relation N x + N y + N z = 1. The numerical values of the N x , N y , and N z are related with the shape of the ferrite. Eq. (2) shows that the FMR frequency increases as the H 0 or 4πMs increases. Based on this theory, magnetically tunable broadband can be designed. According to Eq. (1) and (2) , the permeability of the ferrite can be tuned by the applied magnetic field. Thus, with the other parameters fixed, as applied magnetic field H 0 increases, absorption spectra can be dynamically and continuously turned, so tunable MMA can be obtained. Figure 3(a) shows the simulated absorption spectrum with the absorption over 60% ranging from 8 GHz to 9.54 GHz with H 0 = 2400 Oe. It is evident that, the absorption spectrum is blueshifted with the applied magnetic field increasing from 2500 Oe to 3000 Oe. In Figure 3 , it can be seen that when applied magnetic field increases gradually, absorption bandwidth keeps unchanging, but the absorptivity ratio little falls, and reaching 60% above. From above discussion, we know that the tunable characteristic of such a MMA mainly results from different applied magnetic field H 0 and the saturation magnetization 4πMs. Figure 3(b) shows that the absorption frequency band blueshifts as its 4πMs increases from 1450 to 3050 Oe. Hence, by adjusting the 4πMs of the ferrite, the tunable MMA can be also obtained. Moreover, absorption bandwidth increases with the increase of the 4πMs. For example, when the 4πMs of the U-shaped ferrites is 1450 Gs, absorption frequency range is covering from 8.34 GHz to 9.58 GHz. As shown in Figure 3(b) , the tunable absorber has wideband absorption more than 60% in the frequency range from 9 GHz to 11.5 GHz, when the 4πMs increases to 3050 Gs. As a result, the absorption frequency band increases as the H 0 and 4πMs increase, which show a magnetically tunable property. Moreover, in this paper, the chosen ferrite possesses a certain resonance bandwidth to strongly absorb the electromagnetic wave, also resulting in broadband tunable MMA. To clarify how the electromagnetic wave is absorbed in another way, the electric, magnetic field and power loss density distributions at four typical resonant frequencies are depicted in Figures 4, 5, 6 and 7 with H 0 = 2700 Oe. In order to clarify the direction of the field lines varied, the direction of the electric field and magnetic field are lined out in ferrite, as can be seen in Figures 4, 5, 6 and 7 . The direction of the electric field is different at four resonant frequencies. But the magnetic field directions are the same at these four resonant frequencies, going counter-clockwise around encircling the applied magnetic field along the y axis inside the ferrite such as Figures 4(b) , 5(b), 6(b) and 7(b). But, magnetic field intense in ferrite interior is varied with the revolving direction magnetic field.
For the first resonant frequency at 8.69 GHz, the absorption can reach 97.8%. Figure 4(a) shows electric field distributions at the phase of 90 • in y-o-z plane. It is evident that, the electric field rotates clockwise around the x axis in y-o-z plane. According to the movement direction of the electric field, electric field line is closed curve. So ferrite internal electric field belongs to induced electric field, rooting in variable magnetic field. It is also noted that in Figure 4 (a) electric field is enhanced in ferrite interior, the intense electric field is derived from the fortified magnetic field such as Figure 4 (b). A strong magnetic field is inspired inside the ferrite due to the FMR, and then the strong magnetic field leading to a strong electric field. Moreover , Figures 4(a) and 4(b) show that the direction of the electric field is vertical to the direction of the magnetic field. Figure 4(c) shows the simulated power loss density distribution of the ferrite. The power loss density is mainly localized in the left U-shaped ferrites, however, around the right U-shaped ferrite of the MMA there is almost no strong field concentration, which leads to the strong absorption. According to the above analysis, due to the coupling between U-shaped ferrite particles and the electromagnetic wave, the first resonant absorption can be seen as the electric loss and the magnetic loss.
For the second resonant frequency at 9.14 GHz, the absorption can reach 99.9%. Figure 5(a) shows electric field distributions at the phase of 270 • at 9.14 GHz in y-o-z plane. Different the first resonant mode, the electric field rotates counter-clockwise around the x axis, and lined out the revolving direction of the electric field in ferrite, as can be seen in Figure 5(b) . The revolving direction of the magnetic field is the same as the first resonant frequency such as in Figure 5(b) . It is also noted that in Figure 5 (c) the simulated power loss density is focused at the right and the middle U-shaped ferrites, moreover, the right U-shaped ferrites of the MMA is almost no strong field concentrated, which leads to the strong absorption. This type of the absorption is the same with the first resonant frequency. Figure 6 shows the field distribution of the third resonant frequency at 9.59 GHz in the y-o-z plane, and the absorption can reach 97.8%. It can be seen from Figures 6(a) that electric field is resonant back and forth in ferrite interior along y direction at one phase. The intensity of the electric field is periodically basipetal transformation in interior ferrite, so the electric field distribution can be regarded as a dielectric dipole. Figure 6(b) shows that the intense magnetic field is also transformation in interior ferrite, due to the reason that the FMR happens in interior ferrite. But, magnetic intensity in ferrite interior is varied with the revolving direction magnetic field. Moreover, 6(a) and 6(b) show that the magnetic field lines in the ferrite are vertical to the electric field lines. The energy is mainly trapped at the middle U-shaped ferrites such as Figure 6 (c), whereas around the right side U-shaped ferrites there is almost no strong field concentration. According to the above analysis, electromagnetic field in the U-shaped ferrite particles interior is highly enhanced due to the coupling between U-shaped ferrite particles and the electromagnetic wave and the applied magnetic field. Electric loss and magnetic loss lead to a strong absorption.
For the last resonant frequency at 9.72 GHz, the absorption can reach 99.9%. Figure 7 (a) shows electric field distribution is the same with the third resonant frequency at the phase of 40 • in y-o-z plane. As shown in Figure 7 (a). Resonant mode of the electric is the same as third resonant frequency. It is also noted that in Figure 7 (a) electric field is intense on the top of the ferrite, and the magnetic field is also intense at surfaces of the ferrite such as Figure 7 (b). But, magnetic intensity in ferrite interior is varied with the revolving direction magnetic field. Figure 7 (c) shows that power loss density distribution is almost the same as above three resonant frequencies except some details in U-shaped ferrite interior. This type of the absorption is the same as the third resonant frequency.
After the mechanism of broadband tunable absorption has been explained, the influence of some parameters on the absorption can be easily understood. Through the above discussion, the incident wave at a large frequency is mainly absorbed on the left and the middle U-shaped ferrite particles. Magnetic loss and electric loss commonly decide absorption.
IV. EXPERIMENT AND DISCUSSION
The fabricated example of the tunable MMA is shown in Figure 8 . Owing to arts and crafts, U-shaped ferrite particles cannot be directly obtained. Firstly, the cubic ferrites were cut by using a cutting machine, and then sticked one by one on the metallic plate, which assembled as U-shaped VOLUME 7, 2019 ferrite particles. The absorption performance of the test sample is verified by measuring the absorption under different applied magnetic fields H 0 . The fabricated sample and the testing system are shown in Figure 8 . The sample was put into an X-band rectangular waveguide WR90 (22.86 mm * 10.16 mm) as shown in Figure 8 (a). Figure 8(a) shows an electromagnet of the testing system. Measured circumstances are all the same with the simulation ones. As shown in Figure 8(b) , Measured absorption spectrum is blueshifting with different applied magnetic fields H 0 . As shown in Figure 8 (b), we noted that the absorption bandwidth in the band of 8.22-9.0 GHz is somewhat decreases comparing with the simulated result (8-9.5 GHz) with H 0 = 2500 Oe. But absorption bandwidth is gradually broadening as applied magnetic field increasing. Figure 8(b) shows that absorption ratios are high throughout the absorption band, measured absorption greater than 80% in a broadband absorption region can be obtained. As a result, measured results are error with simulated results, but the broadband tunable performance of all-ferrite MMA is validated. Errors originate from the fabrication error of the sample and the testing system. Because of cubic ferrites are very small, so these manual operations may lead to unavoidable fabrication error. The testing process may result in some measured errors. Thus, the errors come from fabrication and testing process.
V. CONCLUSION
In conclusion, a microwave broadband tunable MMA based on U-shaped ferrite particles has been proposed, fabricated and characterized, which achieves absorption bandwidth of 1.5 GHz. The absorption frequency band can easily be tuned by changing the applied magnetic field H 0 and the saturation magnetization 4πMs. What's more, the design idea has the ability to expand the application of the traditional materials, and the designed method provides a new way to fabricate the tunable metamaterial absorber.
